The aim of this paper was to study issues of network connectivity in vehicular ad hoc networks (VANETs) to avoid traffic congestion at a toll plaza. An analytical model was developed for highway scenarios where the traffic congestion could have the vehicles reduce their speed instead of blocking the flow of traffic. In this model, nearby vehicles must be informed when traffic congestion occurs before reaching the toll plaza so they can reduce their speed in order to avoid traffic congestion. Once they have crossed the toll plaza they can travel on at their normal speed. The road was divided into two or three sub-segments to help analyze the performance of connectivity. The proposed analytical model considered various parameters that might disturb the connectivity probability, including traveling speed, communication range of vehicles, vehicle arrival rate, and road length. The simulation results matched those of the analytical model, which showed the analytical model developed in this paper is effective.
Introduction
The important issue in vehicular ad hoc networks (VANETs) is network connectivity [1, 2] . Several studies have reported network connectivity under different road scenarios [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Until now, most studies for highway scenarios have considered normal road conditions, but in real scenarios, there are toll plazas along the road. At any toll plaza, vehicles drive through and exit, causing traffic interference and affecting the connectivity of the moving vehicles on the road. Hence, connectivity analysis of moving vehicles on highways including toll plazas is useful for the architecture of VANETs.
In this paper, the connectivity probability is considered on a one-way highway with a toll plaza, which is a metric used to evaluate the connectivity performance. Here, connectivity is defined as when a direct communication between any two vehicles occurs, and all the traveling vehicles on the road are connected. To analyze the connectivity probability, an analytical model was developed considering the presence of toll plazas. In our assumed road situation, the toll plazas are uniformly positioned on the road. When traffic congestion occurs at the toll plaza, vehicles that collide with each other can notify nearby vehicles within communication range so they can reduce speed in order to avoid further collisions.
Hence, the entrance to the toll plaza affects the speed of the traffic. In our considered road situation, according to the Poisson process, when vehicles join a road, various parameters may disturb the highway connectivity, including traveling speed, arrival rate of vehicles, communication range of vehicles, and road length. The results obtained by simulations verified that the proposed analytical model is effective. On the basis of the proposed analytical model, the effects of various parameters on the connectivity performance were examined.
The main contributions of this paper are as follows: (1) with a toll plaza, the vehicle's connectivity on the one-way highway road was studied, and for the analysis of connectivity probability, an analytical model was developed; (2) the influences of various parameters on the connectivity were examined in the proposed model; (3) the simulation results were then compared with the analytical model, indicating that the analytical model developed in this paper is effective.
The rest of the paper is arranged as follows. In Section 2, we review the related research work. Section 3 explains the analytical connectivity model. In Section 4, based on the numerical results, connectivity probability is analyzed and the proposed analytical model is validated. Section 5 concludes the paper.
Related Work
The problem of VANET connectivity has gained the attention of many researchers [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . In Zhang et al. [4] , an analytical model of a highway scenario was proposed to calculate multi-hop upand downlink connectivity probabilities. With various system parameters, the system's performance was analyzed. A realistic scenario was considered in their proposed analytical model, in which traveling vehicles and base stations had different capacities and coverages. Yousefi et al. [5] reported an M/G/∞-based network connectivity model. The proposed analytical model was used to discover the optimal values of the number of base-stations including transmission range to achieve a required degree of connectivity. The connectivity probability of highway scenarios was calculated using an effective model. Cheng et al. [6] investigated the effects of headway distance on the network connectivity and revealed by numerical analysis that the headway distance was different under dense and sparse traffic loads. Keykhaie et al. [7] introduced a mathematical model to analyze a traveling vehicle's connectivity on a highway with a one-dimensional network. A random distribution was assumed for vehicle speed in their proposed model. Ajeer et al. [8] analyzed the dependency of the connectivity probability on vehicles' transmission range and speed using an analytical model. The random speed of vehicles was assumed in their proposed model for the highway scenario, and the study highlighted the impacts of random speed on connectivity. Shao et al. [9] considered a platoonbased vehicular network, and the connectivity probability with various traffic densities and vehicle transmission ranges was analyzed. Yousefi et al. [10] proposed a mathematical model to study connectivity in the one-way highway road scenario. The model considered various parameters that described the relationship between connectivity probability, including vehicle transmission range, traffic density, and vehicle speed distribution. In Wu et al. [11] , with a strict delay constraint and a higher node mobility, a mobile linear network was considered to study the statistical properties of connectivity and the node distribution in a steady state. An analytical innovative geometrical model to analyze the connectivity was proposed, which simplified connectivity analysis. In Zhao et al. [12] , to determine the connectivity probability of a highway, a novel analytical method was presented. The proposed method was cluster-based, which had a better effect on the vehicular connectivity. However, none of the studies mentioned above examined a road scenario with a toll plaza along the highway.
Khabazian et al. [13] examined a highway scenario that included entrances and exits on the road, using cluster-based structure vehicles that can connect with each other. With user mobility, they studied highway connectivity. The authors focused on some of the statistical properties of connectivity, including a random vehicle that can see the whole vehicle population in one cluster and the mean size of clusters.
The impacts of vehicle connectivity in various scenarios have been discussed by many researchers [15] [16] [17] [18] [19] . Tsiropoulou et al. [20] , in order to overcome the problem of parking in complex parking zones, such as on a campus or at an airport, proposed using a Radio Frequency Identification (RFID), a smart parking management system. To secure the parking zone and manage the availability states of parking spaces, RFID readers were deployed in every parking space including the entries and exits. The RFID readers actuate the passive RFID code on the card of the driver arriving or leaving or parking the car in the area and read the code information, which holds a unique ID number. The ID number is transferred to the database of the system via a multi-hop communication using Wi-Fi technology to update the occupation states of the parking spaces in real-time. A dynamic scenario is one that changes rapidly. The effects of change include time, status, location, and other factors. The dynamic scenarios are including a growing number of smart interconnected devices and sensors (e.g. cameras, Electronic Toll Collection (ETC), biometric, smart meters, and medical sensors) for a smart world, and these interconnected devices and sensors are referred to as "things" [21] . The fast growth of wireless infrastructure and data acquisition technologies plays an essential role in the exponential growth of data, particularly trajectory data with rich information. Trajectory data, which record moving objects' locations at certain instances, have provided a means of studying human behavior and resolving traffic problems [22] .
Zheng et al. [23] highlighted the connectivity issue for a one-way highway road scenario, with one entrance and one exit with and without one Road Side Unit (RSU) installed. Various parameters were considered to derive the connectivity probability, such as vehicle speed, vehicle arrival rate, and the probability that the vehicles would drive through the entries and exits, with and without one RSU installed.
Analytical Model of Connectivity

System Model
The system model is based on a one-way highway road with one toll plaza as depicted in Figure  1. [0, ] denotes the road, where L is the length of road. The toll plaza is situated at position ϵ [0, ], and is distributed equivalently in [0, ]. As defined earlier, the segment of road could be in a highway scenario, guaranteeing that the congestion at the toll plaza could make the vehicles behind within communication range reduce their speed instead of blocking the flow of traffic. Therefore, the toll plaza divides the road with various vehicle speeds into two or three sub-segments. The normal speed 1 is for vehicles traveling along the normal segment. While vehicles traveling in the decelerating segment reduced with safe speed 2 , ( 1 ≥ 2 ). The accelerating and decelerating factors of vehicles at other complicated points of the two different segments are neglected in this paper. For example, usually, the velocity of standard vehicles is faster than 5.9 m/s 2 , which shows the transition of speed within a distance of 10 m/s can be obtained in 1.6 s. The time of transition is shorter than the time that the vehicles stay within that segment of road. The Poisson process is followed by the arriving vehicles at road entrance with arrival rate λ. Therefore, in normal segments [0, − ] and [ , ] , the Poisson distribution is followed by the number of vehicles per meter with 1 = λ/ 1 , where
The vehicles' connectivity when traveling on the highway is defined as follows:
(1) Two vehicles are connected if the distance between them does not exceed the transmission range of a vehicle. (2) If any two vehicles on the sub-segment are connected, the sub-segment will be connected. 
Connectivity Probability
Suppose the location of the toll plaza on the road is distributed uniformly ϵ [0, ] . The connectivity can be analyzed under four cases (followed by the assumption > 3 ): To better understand the analysis, the main notations are defined in Table 1 . Based on the mathematical properties of the Poisson distribution, the probability that the vehicles are traveling on 1 is specified as
and the probability no vehicles are traveling on segment 1 is specified as
Likewise, the probabilities of the vehicles traveling on 2 and the probabilities of no vehicles traveling on 2 are specified as
respectively. We further performed the analysis by dividing D1 into two sub-cases:
(1) D1.1: vehicles are traveling on segment 1 ; (2) D1.2: vehicles are not traveling on segment 1 .
In D1.1, the vehicles are connected on 1 , i.e.,
Hence, the vehicle's availability on segment 2 seriously influences network probability. Therefore, the following two sub-cases were considered:
(1) D1.1.1: vehicles are traveling on 2 ; (2) D1.1.2: vehicles are not traveling on 2 .
In D1.1.1., the connectivity probability is analyzed as P r { 2 } for the segment 2 and P r { 1, 2 } among segments 1 and 2 .
As defined by Author et al. [24] , the connectivity probability of one road segment using the Poisson process is defined as
where is the length of road, the transmission radius of a vehicle is , the density of vehicles is λ , and ⎣ ⎦ is the larger integer that is not larger than . Therefore, we obtain
For P r { 1, 2 }, the probability of connectivity that two vehicles are connected is first calculated for those are traveling on 1 and 2 , respectively. Suppose that vehicle 1 is positioned at 1 (0 ≤ 1 ≤ ) on 1 and vehicle 2 is positioned at 2 ( ≤ 2 ≤ ) on 2 . 1 and 2 are distributed uniformly on 1 and 2 , respectively Therefore, the probability density functions of 1 and 2 are defined respectively as
and
Let 1 2 represent the vehicle's probability that 1 and 2 are directly associated, i.e., the probability that the space between vehicle 1 and 2 is not larger than the communication radius
. Therefore:
Subsequently, a probability analysis of the two vehicles that are positioned at 1 , 2 and are connected to each other was conducted. Based on 1 2 , the probability that a vehicle positioned at 2 cannot communicate directly with any of the vehicles at 1 is defined as
where Pr { = } is the probability that there are vehicles traveling on segment . Therefore, the probability that 1 , 2 are connected is defined as 
According to the above two sub-cases in D1.1, the road's [0, ] connectivity probability is defined as:
In D1.2, the connectivity probability only needs to be calculated for segment [ , ] , i.e.,
Based on the analysis above, the road [0, ] connectivity probability in D1, is defined as: Figure 3 .
The probabilities listed below can be easily obtained following the procedure used for D1: If the vehicles are traveling on segment 2 , D2 can be divided two sub-cases:
(1) D2.1: vehicles are traveling on 2 ; (2) D2.2: vehicles are not traveling on 2 .
In D2.1, vehicles are connected on 2 , i.e.,
We considered the four following sub-cases:
(1) D2. In D2.1.1, the vehicles are connected on 1 , i.e.,
Therefore, it is only important to analyze the connectivity probabilities P r { 3 }, P r { 1, 2 }, and P r { 2, 3 }.
For the connectivity probability, P r { 3 } could be defined as
By applying the same method as with P r { 1, 2 }, the probability P r { 1, 2 } that both of the segments 1 and 2 are connected is defined as 
Likewise, the probability P r { 2, 3 } both segments 2 and 3 are connected is defined as
where
Hence, the probability of the connectivity of the road 
In D2.1.3, the vehicles are not traveling on segment 1 . Hence, the probability of connectivity of the road [0, ] is defined as 213 = P r { 2 }. Pr{ 3 }. Pr{ 2, 3 }.
In D2.1.4, the vehicles are not traveling on segments 1 or 3 . Hence, the probability of connectivity of the road [0, ] is defined as 214 = P r { 2 } = 1.
For the above four sub-cases, the probability of connectivity in D2.1 is defined as: In D2.2.1, the probability of connectivity of the road [0, ] is defined as 221 = P r { 1 } = 1.
Hence in D2.2.2, the probability of connectivity of the road [0, ] is defined as 222 = P r { 3 } = 1.
Concerning the above two sub-cases, the probability of connectivity in D2.2 is defined as: 
Given the analysis mentioned above for D2, the probability of connectivity of the road [0, ] in D2 is defined as 2 = Pr{ 2 } . 21 Figure 4 .
The probabilities given below are obtained: If the vehicles are traveling on segment 2 , D3 can be divided into the following two sub-cases:
(1) D3.1: vehicles are traveling on 2 ; (2) D3.2: vehicles are not traveling on 2 . In D3.1, vehicles are connected on 2 , i.e., P r { 2 } = 1.
We considered the following four sub-cases:
(1) D3. In D3.1.1, the connectivity probabilities of P r { 1 }, P r { 3 }, P r { 2, 1 }, and P r { 2, 3 } must be analyzed. Probabilities P r { 1 } and P r { 3 } can be defined as 
By applying the same method as for P r { 1, 2 }, the probability P r { 2, 1 } that both segments 
Hence, the probability P r { 2, 3 } that both segments 2 and 3 are connected is defined as 
Given the above four sub-cases, the probability of connectivity in D3.1 is defined as In D3.2.1, the probability of the connectivity of the road [0, ] is defined as
In D3.2.2, the probability of connectivity of the road [0, ] is defined as
Given the above two sub-cases, the probability of connectivity in D3.2 is defined as 32 = Pr{ 1 } . P r { 3 ̅̅̅̅̅ }. 321 + P r { 1 ̅̅̅̅̅ }. Pr{ 3 } . 322 .
Given the above analysis, for D3, the probability of connectivity of the road [0, ] is defined as 3 = Pr{ 2 } . 31 + P r { 2 ̅̅̅̅̅ }. 32 .
In D4, the road [0, ] is separated into three sub-segments:
, and [ , ], which are represented by ℎ 1 , ℎ 2 , and ℎ 3 , respectively, as depicted in Figure 5 .
The probabilities listed below are obtained: If the vehicles are traveling on segment ℎ 2 , D4 can be separated into two sub-cases:
(1) D4.1: vehicles are traveling on ℎ 2 ; (2) D4.2: vehicles are not traveling on ℎ 2 .
In D4.1, the vehicles are connected on ℎ 2 , i.e., P r { ℎ2 } = 1.
(1) D4. In D4.1.1, vehicles traveling on ℎ 3 are connected, i.e., P r { ℎ3 } = 1.
Hence, the connectivity probabilities of P r { ℎ1 }, P r { ℎ2,ℎ1 }, and P r { ℎ3,ℎ2 } must be analyzed. The probability P r { ℎ1 } is defined as
By applying the same method as with P r { 1, 2 }, the probability P r { ℎ2,ℎ1 } that both segments ℎ 2 and ℎ 1 are connected is defined as 
The probability P r { ℎ3,ℎ2 } that both segments ℎ 3 and ℎ 2 are connected is defined as:
Hence, the probability of connectivity of the road [0, ] in D4.1.1 is defined as 411 = Pr{ ℎ1 } . P r { ℎ2 }. Pr{ ℎ3 }. Pr{ ℎ2,ℎ1 }. Pr{ ℎ3,ℎ2 }.
In D4.1.2, vehicles are not traveling on ℎ 3 . Hence, the probability of connectivity of the road [0, ] is defined as 412 = Pr{ ℎ1 } . P r { ℎ2 }. Pr{ ℎ2,ℎ1 }.
In D4.1.3, the vehicles are not traveling on segment ℎ 1 . Hence, the probability of connectivity of the road [0, ] is defined as 413 = P r { ℎ2 }. Pr{ ℎ3 }. Pr{ ℎ3,ℎ2 }.
In D4.1.4, the vehicles are not traveling on ℎ 1 or ℎ 3 . Hence, the probability of connectivity of the road [0, ] is defined as
Given the above four sub-cases, the probability of connectivity in D4. In D4.2.1, the probability of connectivity of the road [0, ] is defined as
In D4.2.2, the probability of connectivity of the road [0, ] is defined as
Given the above two sub-cases, the probability of connectivity in D4.2 is defined as 42 = Pr{ ℎ1 } . P r { ℎ3 ̅̅̅̅̅ }. 411 + P r { ℎ1 ̅̅̅̅̅ }. Pr{ ℎ3 } . 422 .
For the analysis of D4, the probability of connectivity of the road [0, ] in D4 is defined as 4 = Pr{ ℎ2 } . 41 + P r { ℎ2 ̅̅̅̅̅ }. 42 .
Finally, the road's [0, ] connectivity probability including all the analyses given above is defined as 
Experimental Results and Analysis
Adaptation of Proposed Model in a Realistic Scenario
With the help of the Poisson process, the connectivity probability of one road segment was defined. In eq 6, the proposed model is not limited to the toll plaza but can be extended to various environments such as smart parking management systems. The performance of the analytical model is based on connectivity probability by considering various parameters that might disturb the highway connectivity, including traveling speed, arrival rate of vehicles, communication range of vehicles, and road length. To prove the applicability of the proposed model in a realistic network environment, we demonstrate the performance of the developed model under various parameters along with increasing and decreasing connectivity probability while maintaining network capacity.
Impacts of Various Parameters on Connectivity
Our analytical model was verified using simulated results and the impacts of various parameters on the probability of connectivity on the highway, such as arrival rate of vehicles λ, the range of communication , road length , and normal and safe speed of vehicles 1 and 2 , respectively, are highlighted. The results of the analytical model were developed using MATLAB [25] (company, city, country). A discrete event-driven simulator was used to develop simulation results. In the figures shown below, analytical and simulation results match each other, which confirms the accuracy of the analytical model.
The impact of congestion at the toll plaza on the probability of connectivity is shown in Figure  6 . Given congestion at the toll plaza, the probability of connectivity first increases and then decreases at various traffic congestion positions, which means that vehicles on the mid-section of the road severely impact the connectivity.
At the point when toll congestion occurs at position 0, the flow of traffic in [0, ] is similar to the normal situation. Therefore, the probability of connectivity with toll congestion at position 0 is equivalent to that of a normal situation. Of note is that the toll congestion, which caused the vehicles to reduce their speed instead of blocking the flow of traffic, can enhance the connectivity to some extent. Figures 7-10 demonstrate the effect of the arrival rate of vehicles on connectivity probability. An increase in connectivity probability is observed with increasing arrival rate of vehicles. As the density of vehicles increases with increasing rate of arrival, the connectivity of the road is also enhanced. Figures 7-10 show that the deviation between the analysis and simulation results decreases with increasing arrival rate of vehicles. This is due to large random arrivals and headway distance, which occur with a lower rate of arrival. Figure 7 demonstrates the effect of the communication radius of vehicles on connectivity probability. With increasing communication range of vehicles the probability of connectivity increases, as the two vehicles have a higher chance of being associated with a large range of communication. Of note is that the probability of connectivity increases considerably within the communication range of 200-300 m compared to other gaps in the communication range, which can provide direction for the structure of the transmitting power of the signal. Figure 8 demonstrates the effect of the whole road length on the probability of connectivity. The probability of connectivity decreases with increasing road length. With consistent probability that two nearby vehicles are associated, a longer road length results in a large number of vehicles, which results in a lower probability of connectivity for all the vehicles. Therefore, the probability of connectivity decreases. Figure 9 demonstrates the effect of vehicle normal speed on the probability of connectivity. Increasing the normal speed of vehicles results in decreasing connectivity probability, because, in the normal segment, the density of vehicles decreases with increasing normal speed. Also, a larger proportion of the whole road is occupied by the normal segment. The road's probability of connectivity reduces. Figure 10 demonstrates the effect of vehicle safe speed on the probability of connectivity. With increasing vehicle safe speed, the connectivity probability slightly decreases, because, in the safe segment, the density of vehicles decreases with increasing safe speed, though a minor section of the whole road is occupied by the decelerating segment. This results in a slight decrease in probability. 
Conclusions
In this paper, to avoid traffic congestion at a toll plaza, the connectivity of vehicular networks in a one-way highway road scenario was studied. To examine the connectivity probability of the road, a mathematical model was derived. The considered road segment could be a highway, which means that the traffic congestion at a toll plaza could cause the vehicles to reduce their speed instead of blocking the flow of traffic. Nearby vehicles within communication range must be informed when the traffic congestion occurs before reaching the toll plaza so they can reduce their speed to avoid traffic congestion. Once they cross the toll plaza, they can travel at their normal speed. The proposed analytical model considers various parameters that might disturb the connectivity probability, including traveling speed, communication range of vehicles, vehicle arrival rate, and road length. The simulation results confirmed the accuracy of the analytical model, indicating the analytical model is efficient.
In the future, the accelerating and decelerating factors should be considered in a more realistic situation, which would be more complex. It should be noted that we employed the Poisson process for arrival of vehicles; specifically, headway distance follows the exponential distribution. Also, so as to encourage connectivity analysis, the decelerating segment length was fixed to the vehicles' communication range. Various environments with multiple decelerating segment lengths will be focused on in future.
